The influence of dietary vitamin D 3 (VD 3 ) on survival, growth and morphogenesis during the larval development of European sea bass (Dicentrarchus labrax) was evaluated until 45 days post hatching. Diets contained 4% of the standard vitamin mix (VM) recommended by the National Research Council (NRC) and incorporated 0, 19.2, 38.4, or 140 IU of VD 3 per gram of diet to give VD-0, VD-1, VD-2 and VD-3 dietary treatments, respectively. The present study revealed for the first time an impact of dietary VD 3 on the sea bass digestive system ontogenesis that consequently conditioned the ossification process and morphogenesis. All dietary VD 3 levels were in the "adequate range" based on larval survival. Nevertheless, growth, intestinal maturation and ossification at the end of the larval stage were harmed by the minimum dose of VD 3 tested and resulted in the appearance of malformations. VD-2 and VD-3 groups showed satisfactory growth and ossification levels at the end of the larval period. However, results of enzymatic activity and expression of genes involved in the VD 3 pathway (bone morphogenetic protein 4, osteocalcin, vitamin D receptors and transient receptor potential cation channel-subfamily V, member 6-) gave evidence of complications during the ossification process as revealed by the high percentage of deformed larvae. A VD 3 level of 19.2 IU/g diet appeared necessary to obtain harmonious larval morphogenesis.
Introduction
The understanding of the nutritional influence on fish larval skeletogenesis is relevant, not only to deepen 18 the knowledge of bone physiology, but to aid in resolving one of the most important bottlenecks in reared 19 fish larvae, the skeletal malformations, that cause a severe economic impact for the aquaculture industry.
20
Efforts have been made to study the different factors influencing fish larval morphogenesis and to 21 understand the mechanisms inducing the development of deformities (Koumoundouros et al., 2002;  22 Sfakianakis et al., 2006; Georgakopoulou et al., 2007) . Among the different causative factors, larval 23 nutrition has been suggested as of key role in skeletogenesis (Cahu et al., 2003; Gisbert 2007; Lall & 24 Lewis-McCrea 2007) . However, there are still improvements to be made on, since skeletal disorders 25 continue affecting the hatcheries' production.
26
The known influence of vitamins on the appearance of larval malformations (Dedi et al., 1997; Takeuchi 27 et al., 1998; Villeneuve et al., 2005; Fernández et al., 2008 Fernández et al., , 2009 ) has encouraged researchers to 28 understand the molecular mechanisms underlying the skeletogenesis process and to determine more 29 accurately the dietary vitamin levels inducing adequate larval morphogenesis (Villeneuve et al., 2006;  30 Mazurais et al., 2008) . Mazurais and co-workers stated that fish larvae need higher dietary vitamin mix 31 than juveniles and concluded that the level of vitamin mix adapted by the NRC for the fish larval period 32 gave the best larval growth, survival and morphogenesis (NRC 1993; Mazurais et al., 2008) . However,
33
since the percentage of malformations remained still too elevated, it seems now appropriate to investigate 34 the effects of each vitamin separately on larval ontogenesis.
35
Vitamin D is a fat-soluble pro-hormone that is crucial for maintaining calcium and phosphate homeostasis by Mazurais et al. (2008) , the present study aimed to test whether VD 3 affects the ontogeny of this species by studying its influence on the molecular pathways involved in morphogenesis, with special attention to 48 the ossification process.
50

Material and methods
52
Larval rearing and dietary treatment
53
Three-day old European sea bass (Dicentrarchus labrax) larvae were obtained from the Ecloserie Marine 54
de Gravelines (Gravelines, France). The fish were acclimated and divided into fifteen 35-litre 55 cylindroconical fibreglass tanks (2100 larvae/tank) at an initial density of 60 larvae/l. Tanks were   56 supplied with through-flowing seawater, which had been previously filtered through a sand filter, then 57 passed successively through a tungsten heater and a degassing column packed with plastic rings.
58
Throughout the experiment, salinity was 35‰, the oxygen level was maintained above 6 mg/l by setting 59 the water replacement in the tank at up to 30% per hour (flow rate, 0.18 l/min) and the photoperiod was 60 24h light (9 W/m 2 maximum intensity at the water surface 
71
The composition of the diet is described in 
93
For enzymatic assays, larvae were dissected as described by Cahu & Zambonino-Infante (1994) 
146
(fusions, displacements, extra formation or breaking of hypurals, epurals and vertebral processes; Fig. 1 ).
147
Dietary VD 3 significantly affected the frequency of all deformities, except scoliosis (Fig. 2) . The response 148 pattern of deformity frequencies was dependant on the deformity type (Fig. 2) . Specifically, vertebral and 149 branchiostegal deformities exhibited a U-shape response of deformity incidence against VD 3 levels ( 
152
The ossification level for 45 day-old larvae is represented in Table 3 
158
Enzymatic assays
159
The ratio "pancreatic enzyme in intestinal segment/pancreatic enzyme in whole larvae", expressed as a 160 percentage, in larvae fed the different VD 3 treatments, illustrates the secretion (Table 3 ). In 25 day-old 161 larvae, the higher ratio was found in the VD-1 group (52%, P=0.006) followed by VD-2 and 3 groups,
162
that did not displayed statistically significant differences in trypsin activity (around 43%, P=0.950). The 163 lowest ratio for trypsin was observed in the VD-0 group (29%, P=0.002). At 45 dph, there were no differences in trypsin activity between the dietary groups, the percentage reaching around 70% (P=0.080).
165
An elevated ratio of 85% for amylase was observed in 25 day-old larvae control group, this amylase ratio 166 was progressively lowered to 76% with the dietary VD 3 level increase, the differences being only 167 statistically different between VD-1 and 3 groups (P=0.011). The lowest ratio for amylase (66%) was 168 detected in the VD-0 group (P=0.0003). At 45 dph, VD-1 to VD-3 groups displayed statistically similar 169 levels of amylase activity (between 85 and 92%, P>0.05), while the ratio for amylase of the VD-0 group 170 remained very low (66%, P<0.001).
171
The ratio of AN and AP segmental activity in BBM related to a cytosolic enzyme LeuAla peptidase 172
indicates the developmental status of the enterocytes (Table 3 ). The AP/LeuAla ratio at 25 dph was 2 times higher in the control group (P=0.008) with respect to the rest of the dietary groups that showed the 174 same ratio among them (P>0.05). At 45 dph, there were no differences in the AP/LeuAla ratio between of VDRβ transcripts were detected in larval groups fed the highest dietary VD 3 levels (P<0.05).
198
Osteocalcin expression (Fig. 6) , 1997 , 2002 Sfakianakis et al., 2006; Georgakopoulou et al., 2007) .
234
In the present paper two distinct response patterns were presented against the VD 3 gradient. In the first,
235
vertebral and branchiostegal deformities were maximised at both the extreme levels of the tested VD 3 236 range (VD-0 and VD-3 groups) (Fig. 1A-C) , whereas in the second pattern, pugheadness (deformed 237 maxillary and premaxillary elements) and caudal-fin deformities were maximised at only the lower VD 3 238 level tested (VD-0 group) ( Fig. 1D-E) . These results could suggest that skeletal elements developed at the revealed by red-alizarin coloration of bones at 45 dph, and an increase of the malformation rate.
299
As stated before, larvae from VD-2 and VD-3 groups were unexpectedly able to achieve at 45 dph the 300 same ossification level of the VD-1 group considering their intestinal maturation degree at 22 dph.
301
Together with the osteocalcin expression increase, the lower expression level of VDRβ observed at 45 302 dph in VD-2 and VD-3 groups compared to the control group (VD-1) could indicate that osteoblasts 303 differentiation for bone mineralization was more stimulated in larvae fed the higher VD 3 levels. 
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